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FOREWORD
This repert was prepared by the Fluid and Lutwricant Materials Branch,

Nenmetallic Materials Divisien, A, F, Materials Laberatery with Dr, Tung
Liu as Preject Engineer. The werk reperted hersin was initiated under Pre-
jeet 73532 "Fundamental Research en Macremslecular Materials and lubricatien
Phenenena®, Task 734204, “Fundamental Investigatiens ef Frictiens, lubrica-
tien, Wear, and Fluid Mechanics". The repert csvers a peried of werk frem
1 July 1962 te 30 June 1963,
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ABSTRACT

The sliding friction betwsen copper specimens were measured under
atmospheric conditions under loads of 0.1 to 20 grams, With very clean
surfaces, the coefficient of friction was 1.,0-1.1 for the entire load
range. With less clein surfaces, the coefficient of friotion obtained
was about 0.4, Since the degree of cleanliness cannot be controlled quanti.
tatively, the friction - load curve of sliding copper pairs in air exhibits
a bifurcation charscteristic, The higher friction value may be satisfac.
torily explained by adhesion theory. No sign of adhesion, however, was
detectable when the friction coefficient was 0.4, All observationa to date
indicate that plastic deformation exists during the sliding process. Using
published dats on the total expended work in plastic deformstion, the coef-
ficient of friction between ocopper pairs was estimated to be about 0.2,

When adhesion is negligible, based on the plastic deformation mechanism, one
may deduce that (1) the fristion coefficient depends largely on the properties
of the softer material of the two specimens, and (2) upon repeated sliding,

a slight drop in friction may be observed, Both of these predictions have
been verified experimentally.,

This report has been reviewed and is approved,

(i

Fluid and W
Normetallic Materials Division
AF Materials Labaratory
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INTRODUCTION

The sliding frictien between selids, particularly metallic selids, has
been successfully explained qualitatively by adhesien theery, dus largely te
the extensive werk ef Bewden, Taber, and ce-werkers (2) as well as ethers.
This theery in its eriginally primative ferm stated that the actual area of
centact (A) betwesn selids is equal te the lead (W) divided by the flew pres-
sure (pg) of the weaker ef the twe selids in centact. At these regiens ef
centact, the twe selids fom a nunber ef junctiens as if they were welded
tegsther, Frictien (F) represents the ferce required te shear thsse junctiens

apart. Mathematically, the theery is expressed as!

= _M!- /

A= )

F = As (2>
M= E = As -

w Aﬁ'n fm (3)

where (s) is the shear stress. Thus, the ceefflcient ef frictien may be re-
presented by the ratie of shear strsss te flow stress ef the materisl, and
becemes its intrinsic preperty.

This repressntatien, hewsver, assumes the independence of yleld pressure
and shear stress which is inaceurate as peinted eut by the authers. It alse
predicts, centrary te experimental resultoi that /u cannet be much mers than
unity. HcFarlane and Taber (13) oxporiun.ully ebserved the grewth eof junc-
tiens prier te macrescepic sliding between the selids. Taber (16) later re-
vised the theery by censidering the junctien grewths under cembined cempressive

and shear stress and arrived at the resuli
/

/b( = 3 ./jk?-"/‘ A “4)
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where (k) is the ratie ef shear stress ef the Junctien te that ef the bulk
of the material. This expressien predicts an extremely high ceefficient
ef frictien when the twe selids are identical beth in cenmpesition and in
erientatien, Mismatched lattice invariably lead te the formatien ef a
Junctien with lewer shear stress.

Gwathmey at al (8) reperted that the static frictien ceefficient be-
twsen single crystals ef cepper (face centered cubic lattice) under vacuum
oxceeded 100 when twe matched (100) surfaces were in centact. Replacing
one with anether (111) surface, the ceefficient ef frictien drepped te 23,
Takagi and Teuya (17) extended the study te the directienal effects en the
frictien between twe (100) surfaces. They reperted that when the directien
was matched, the average u was 114, When the rider was retated 2&5°(the
(100) surface has feur feld symmetry and the 45° retatien represented the
maximum mismatch) the ceefficient of frictien drepped dewn te half of the
abeve value ( avorago/kl- 56). Very high ceefficlents ef friction bstween
pelycrystaline cepper were alse reperted (1),

Frem the evidence cited sbeve, tegether with these including ether
materials, it is quite evident that this refined adhesien theery explains
rather satisfacterily the very high frictien between clean metsls in vacuun,
Hewever, the theery alse prediots that the adhesien between clean metals
in air sheuld be appreciable unless ether mech;nisua respensible fer the
sliding friotien beceme significant (the eorruip‘nding (k) values for
/u = 1 and 0.5 are 0.95 and 0.82 respectively). In particular when M,
ene percent change in (k) sheuld alter the ceefficient ef frictien by 10
per cent. Inasmuch as the empesitien ef the surface cannet be clesely
centrelled, the sliding frictien data ebtained under apparently similar
circumstances may easily be expected te vary by a facter ef twe. Partiou-
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larly when different experimental techniques are involved.

Whitehesd (20) measured the sliding friction between copper specimens
at a very slow speed of 0,01 cm/sec, over a load range of 0,01 to 10,000
grams. The experiments were carried out under an ordinsry atmospheretand
the data were apparently reported as the static friction coefficiant (cal.
culated from the maxiina of frictionsl force), With electrolytically polished
copper, a constant coafficient of friction (Amonton's second law) of 0,45
and 1.8 wers cbserved for load ranges of {1 gn and)40 grams. Feor the
loads in batween, the coefficient of friction was found to increase with
load, He explained that the friction coefficient of 1.8 was due to adhesion
while at lower loads the latter was prevented because of the surface oxide
film, This explanation was substantiated by Wilson's (21) measurement of
contact rogistanco as a function of load using the identical apparatus.
Whitehead also studied the effect of surface finish on the friction of
copper and obtained friction coefficient - load curves having similar char-
acteristic but with shifting load ranges at which Amonton®s law failed (or
the range where /a varied with load)., At very high loads, of the coefficlents
of friction obtained, all but one data point lay very close to 1.8, No at-
tempt was nade by the author to explain the friction at very low loads other
than attributing it to bs due to the oxide film,

Walton (19), with carefully designed experimental procedurs investigated
the adhesion betwesn copper specimens duwing the sliding process. He found
that adhesion was not detectable whenever /u was less than 0.5, With a load
of 100 grams, the sliding friction force was found to vary over a wide range.
Taking the instantaneous values of /\,l s @ linear relationship between /{ and
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adhesion was obtained. Plotting the friction foéoo versus adhesion, an
intercept of 50 grams was obtained, This portion of the friction force
evidently did not come from adhesion mechanisnm,

Evidence thus far indicates that the coefficient of friction of copper
at low loads is due to a mechanism other than adhesion. Thus, in certain
ranges of load, the friction should become very sensitive to ths nature
of the surface film. An expsrimental program was thersfore carried out
to study the friction of copper emphasizing the load range where Amontons?®
law was not obeyed,

EXPERIMENTAL

Figure 1 shows the experimental apparatus, the detail descoription of
which will be published elsewhers (12)., The specimens used consistad of
a four inch disk and a 1 /8" diameter spherical rider, which were used through-
out this work, A olose up of the specimens is shown in Figure 2, The disk
specimen was mounted on a shaft driven thromgh a hydraulic transmission
capable of varying the speed from 0,1 to 500 rpm. The rider arm pivoted
on two sets of jewel bearings and was connected to the drive shaft through
a traverse mechanism., Upon engaging the traverse machanism the rider arm
can travel radially with respsct to the disk specimen, At any desired
location, the traverse mechanism may be disengaged lsaving ti'xo rider at
a fixed spot. A cam is provided such that the rider is automatically lifted
up when it is close to the center or the edge of the disk to prevent any
impact betwsen the specimens, A linkage mounted with two parallel leaf
springs on the rider arm support is connected between the core of a LVDT
(1inear variable differential transformer) and the rider holder, which
provide the mesns for measuring friction force. The cutput of the LVDT
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was fed through -n amplifier to a strip chart recorder. Using a set of
springs, the output per unit force was calibrated versus an analytical balance,
The overall accuracy is of the order of %2% for frictionsl forces larger

than 1 granm,

At the beginning of each run, the rider nrm wns carefully balanced
and moved to the center of the disk specimen (not touching) and 2 dead
weight load applied. (In this work the range of losds was 0.1 to 20
grams.) After the rotating speed has been adjusted, the arm traverse
vmechr.nism was engaged. The rider then scribes a spiral path on the virgin
surface of the disk specimen as 3 stylus on a phonograph, Upon reaching
the desired position, the rider w=s left to rub repeatedly on the same track
of the disk by disengaging the traverse mechanienm,

A1l the experiment~l work described in this paper was carried out
under atmospheric conditions. During the experiments, the tenperature,
and relative humidity was frequently checked and found to be well in the
ranges 75-85°F and 30.50% respectively. No attempt was made to control
these variables. The apparatus itself, howsver, is capable of handling
temperatures in excess of 1400°F, vacuum to 10~ Torr. range, as well as
controlled atmospheres,

The copper specimen used were made of 99.9% commercially pure copper.
Other materials used were M.10 tool steel (hardness! RCs50), commercially
pure aluminum, fnsod quartgz, and white sapphire,

The sphericsl aspecimens obtained coomereislly had average surface
#inishes £ 3 mioro inches and were used without further polishing, The
disk specimens were wet sanded with 600 grit finish (2.4 mioro inches)};v
Some specimens were further finished with a metallurgical polisher to a

TM ASRCH.63.51
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gurface roughness less than one micro inch. Prior to the measurement, the
specimen was washed with ether, {sopropyl alcohol, and distilled water. The
£inal washing with water also indicited whether the degreasing was complete,
Whenever water droplets were found to hang on the specimen, the solvent
washing process was repeated.

Many of the metallic specimens were cleaned electrolytically prior to
the friction mensurement as suggested by Dr, Campbell (3). Using 20% KBPOu
solution, the erthodic reduction was carried out for one minute 2t a ocurrent
density of 1 ma/em? and 10 seconds at 10 ma/am?, A 10 cm x 10 om sheet
copper was used as the anode. The specimen was rinsed with distilled water
and dried with warnm air {mmediately after removal from the electrolytic
bath and placed on the experimentsl apparatus.

RESULTS
The effect of sliding speed was first determined by a series of runs of
copper on copper with 10 grams of load. The friction coefficient was maasured
.t five differsnt rotating speeds, 5, 10, 20, 50, and 100 rpm, and with a
fixed sliding diameter of 3 % 0.25 in, The corresponding linear speed range
i1a bout 0.8 to 16 in/sec, The results are shown in Figure 3. It can readily
be seen thatﬁgraduany inoreased with speed, At 2 speed of 20 rpm or less,
i1ts effect on friction doefficient is negligible., A1l other runs were there~
fore made at a single spped of 20 rpm in order to eliminate one variable.
The 1inear sliding speed during the initial spiral path inoreased from 0.5
to sbout 3 in/sec. which is also the average speed during repeated sliding.
Results fram the thoroughly c¢leaned copper specimen are presented in
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Figure b which shows that the coefficient of friction is about 1.0 to 1.1
for the entire load range measured (8,1-20 grams). The results agreed well
with our earlier value of 1.1 using another appsratus over the load range
120-6000 grams (11). This value aleo agrees with the average results ob-
tained by Walton (19) with a 100 gram load. Throughout this work, data sre
reported as dynamic friction as it vas found that static friction values
obtained from sliding techniques is unaitivo to the surface prepnration ‘
procedure as well as the dumping action of the apparatus and instrumnt.
Whitehead (20) apparently reported static coeffiolent Mcuon values of

1.5-1.8, 'fha discrspancy can in part be explained as the di:'ferenoo be-
tween the static and dynamic friction forces.

A typleal portion of recorded fristional force is shown 1n Figure 5.
It can be seen that friction force showed a variation of ak30$ On ocoasions,
' especially at low losds, much lower coefficlents of friction of about 0.4
were observed initially, and in most of these cases, friction coefficients
of 1.0 to 1.1 vere again observed after repested rubbing. This is obvicusly
due to some gurface contsmination as may be seen from the following results.

Ie t.ho cathodic reduction procedurs was omitted, that is, the final

cleaning was made with solvont washing and checked with vater vetting. the
results obtained were consideradbly diffuront On the virgin surface of the
disk (the initial epiral path] the ooafﬁcicnt of friction is in the neigh-
‘ borhood of 0.4, Upon repeated rubbing for loads of five grams or higher,
the coefficient of friction eventuslly rose up to sbout 1.0, At lower loads
the friction ccefficient usually remained constant. In general, the higher
" the load, the less time was needed for the friction to rise, The data are
sumariged in Table 1 and nluatratod in ?mn 6. A typical recording is
ghown 1}1 Pigure 7 which shows that friction coefficient had jumped from sbout

/0
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0.b.to over 1,0 within a very short time,

Examining the results of a large number of runs, the instantaneous
friction cosfficient appesred to be elther 0.4 or 1,0, Increased speed
tends to hasten the rise in friction. However, the two values of fric-
tion coefficient were not changed. Smoother surface finish has effects
similar to that of increased ‘speed, i1t only facilitates the rise in friction,
The wear tracks were examined under a microscope. Considerable differences
ware noticed between the track from which the coefficient of friction of 1.0
has been observed and for one with the lower friction values, The former
showed a large amount of metal transfer and a much wider track as well as
gevers wear on the rider, If the sliding was terminated while the friction
remained about 0_.1&. the track showed merely groves in the direction of sliding
with no evidence of metal transfer. Individual groves are of the order of
2 x lt.)um wide. The wear on the rider was also barely noticeable.

Another series of experiments were carried out with a fixed track using
gradually increased load from 0.1 to 20 grams. Starting with 0.1 gram load,
the loads were increased to 0.2, 0.5, 1.0, 2.0, 5.0, and 10,0 grams with
twenty minutes of running time st each loads, The sliding system was then
allowed to run under 20 gram load for 40 minutes after which the losd was
reduced stepwise in the same manner until 0.1 grams was reached. The results
are shown in Table 2. It was noticed that the rider msy be replaced with a
nev rider during any stage without noticeable change in the results, Data
fron 3 typlcal run is ehown in Figure 8 where the coefficient of friotion is
plotted versus load, Resulte also shows that the friction coefficient of
two different values may be obtained under apparently identical conditions,
This phenomenon was first reported by Ling and Weiner (10) as "pbifurcation”.
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The fact that values of M of the upper ba'ahoh fell down somewhat at low load
is apparently dus to the presence of impurities,

Friction messurements were also made with M.10 tool steel opacim m
order to show the psculiarity of the copper«copper systenms, Typical friotion
traces with and without cathodic reduction oleaning process are shown in
Figure 9» The effect of surface film is quite apparent. IHowever, the results
444 not show the two distinot levels of friction exhibited by the coppere
copper system. '

Riders made of M.10 tool steel, fused quarts, and white sapphire were
also used for friction measurements on copper dieks, The results are sume |
asrized in Table 3. Riders of these thres msterials together with copper
were slso run with commertially pure aluminum disks. The results are shown
in Table 4, ALl metal specimens were cleaned with the cathodic redustion
process while the quarts and sapphire riders were cleaned by solvents oiﬂqr.

DISCUSSION

For thoroughly olesned copper specimens, Amontons' law was obeyed with
M = 1,0-1,1 for the entire load rangs (0.1 to 20 grams), Adhesion between
surfaces was very evident. For slightly contaminated surfaces Amontons® law
again was obeyed initially, however, the ocefficient of friction was only
0.4, Our earlier results (11) using not carsfully cleaned samples showed
that on occasions, this /M= 0.4 was observed with loade in axoess of 500 grans,
In all these cases, no sign of adhesion was obamod vmich agress v!.th ¢thers
as Walton (19) demonstrated that adhomn ‘betwesn copper was not ammu.
ror/«o.s. The renge in whieh Whitshesd observed (20) M increased with losd
‘is, therefore, mmtcal to the cpocific experimental enviromments,

Ling and Weiner (10) first reported the bifurcaticn of the /d,mg: curvey
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of lead pairs. They found that the shape of ﬁ_xq upper branch could be
explained by adhesion, but not that of the lower one. Tﬁay‘alsb found -
a bifurcation of adhesion with » mgligibiy _saiall lower branch, Ruaaeli; | |
Burton, and Ku (15) studied the friction between oxidized copper in dry
helium atmosphere and also observed the bifurc:tion pMm. They,
 likewise, concluded that two mechanisiis of friction must exist under
apparently identical conditions. In the cage of coppof.copper systenm,
it is also found necessary to consider some mechanism other than adhesion
to explain the lower value of /i

Greenwood and Tabor (7) showed that the coefficient of friction of
the order of unity such as that observed between very clean copper apooi-
rens in sir, must be due to wesk adhasion as caused by the surface oxide.
In the same paper they also pointed out that a certain amount of work could
bs expended in plastically deforming the sbecimons even though they were se-
parated by s lubricating film.

Feng (5) 1llustrated severes plastic deformation st the sliding-rintqr-
face. Moore and Tegart (14) showed that with a hard rider sliding repeatedly
on a copper surface, the oxide, and other impurities wers found well below
the surface., Such oould only happen if the region near the oontact area
underwent considerable plastic deformation,

For eastimsting the energy raquired for plastic deformation (ploughing
term as frequently used) Bowden and Tabor (2) used micrescopic nodel and
- . ooncluded that the ploughing term is usuauy nogligiblg. Walton (19) 'ro-
fined the caloulation using microscopic model asperities, and showed that
for small spherical asperities and using the hsrdness of-the oxide for the
cé}dulation, a coefficient of friction of the order of 0e5 conld indeed be
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accounted for. However, his results showed that /A is very sensitive to .
the thickness and the structure of the oxide fila and the asperity dmn;
sion, This suggests t.hat the coefficient of friction would be vor:r aenaitive
to the rider material, Results shown in Table 3 and 4 indicate otherwise,

A different spproagh originslly suggestsd by Dr, Ling (9) is épnamered'
in the estinmation of the energy involved in plastic deformation., Since cop-
por has s face centered cublc structure, it is more logical to aas.mne:that
the asperities are of the shape of rectangular corners (Figure 10a). When
two such »sperities are in eontaot the cone is deformed to the shape of
Figure 'lo‘b.. The displaced volume!? _

3 s

L.
v; = ’g‘ hi (5)
with an area of contact '
L J3 .2
Al ""’2"/74 (6)

The total volume of the asperity whioch undergoes plastic deformation may be
estimated as?

L a9 2
The comaponﬁing work dons by the frictional foroe F is3
F-f = 2EwS V¢ 8)

where E; is the total expended energy in plastic deformation per unit volume
B 'Aind" lia the distance traveled. The factor of 2 is intreduced for identical
natoria‘la at slow speeds, The area of contaot is related to the load W and

~ th.nwomup,wumulatmx | -

A= - (9)
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The coefficient of friction is, thorofbra,s

_  F
2 |
ZEWZ’K&;___ //O)
Pm £ AL '

" to simplify the problem, let us assume Vi's and Ai's are constant and

/ «v.zi J; equation (10) is then reduced tot
Ve 21w iy
P 2 ,
Comparing with equation (3)(/4:%' it is clear that this mechanisa will
lead to similar qualitative results pgfqdicted by the crude adhesion theory.
Consequently, it is easily ignored since it is usually much smaller compared
to adhesion, whenever the latter s present.,

In order to estimate the cosfficient of friction from the above squation,
data on thb total expended energy during plastic deformation mut be available.
Thiq kind of data, however, is not readily available except for some deforms-
t.ion by impa?t (18), However, the total work (E,) may be astimated from
the ideal work (Eg) by a multiplying factor, say about two. Thus,

' | Ot 4‘2 Ew g
 To evaluate E/ it is necessary to calculate the true strain
_ Y
E = b= = 004
V= vy

Cnlc'nl..a'tion of Bu from measured compressive stress-strain ourve of copper

have becn dene by Clarebrough at al. (4) for much higher strain, . These authores
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also showed that Ey's for torsion and compression, on a trus strain basis,
agreed well within experimental errors. Oordon (6) obtained the data of
E,' on the tension of copper down to 0,103, These data are shown in Figure
9, With extrapolation, the valus of Ey! was fownd to be 0.9 cal/co. Using

pm-88kg/m2. we have:
_ 42 x 09 x4185 X 107
/u 88 X 10° x980-6

= 0./8

In case one asperity is very hard, the deformation may be confined to one
asperity with twice the displaced volums., With higher strain, the oo;ffiaiont
of friction is calculated to be 0.20. ?

The above calculation is rather orude as the increase in contact area
was not considered. The effect of combined streas was also neglected. How.
ever, the order of magnitude is correct, indioating that energy sxpended in
plastic deformation is probably the cause of friotion foroe in the absence
of adhesion. It should be emphasized that neither the asperity size norcthe
properties of surface £ilm is involved, thus, predicting a roughly constant
cosffictent of friction of copper with different surface finish and oxide
£41n thickness provided it is not too thick. Two deductions may be drawn
directlyt

(1) In the absence of adhesion, energy expended in plastic deformation

becomes the principal source of fristion forcs. Ag mentioned above,
in eqpper-ooppor system, if the rider is replaced with a very hard
matertal to restrict the deformation to the oopper specimen only,
the corresponding change of /u ie only sbout ten percent, (Although

™ ASRON.£3.51
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a cubic crystal was used as the model, similar relationships will
hold for asperities derived from of.her orystal syatems.) The
sliding friction coefficient depends mostly on the nature of the
softer of the two specimens, Using riders made of harder materials
(M.10 tool steel, fused quarts, and white sapphire) on copper, the
results are shown in Table 3 where /U 20,33 + 0,08, Using an
aluminum substrate Table 4 shows that /u became 0.65 % 0. 07,

(2) In the piutic deformation of metals, certain amount of the
energy is stored. The amount, however, is only 2 small fraction
of the total expended energy, the ratio of atored energy (Eg) to
the ides work (E,') is shown in Figure 11 as 2 function of true
strain. At the strain of 0,08, it can be sesn that the ratio Es/Ew'

is less than 204, Since By is always less than Ey (total expended
energy), Es/Ew should be even smaller. This means that the total
expended energy for plastic deformation is not changed substantially

| by cold work. Triip sliding system, if 1t remains the principal me- -
chanism, the friction coefficient may be expected to drop slightly
upon repeated sliding on the same trick due to the stored energy.
Experinental observation of this effect may be hirdered by the

_ initistion of other mechanisms which cause friction to rise. Table

| 9 shows the friction coefficient of M_10 tool stesl, quartz and

| white sapphire on copper, both at the virgin surface and after one
hour of continuous rubbing (approximto]y 1200 pltha). The f}'s of
both M.10 and sapphire remained fairly constant. While with fused

- quartsy -the friction coefficients were more than doubled indicating

other mechanisns, possibly adheston, has started.
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CONCLUSIONS

(1) The sliding friction coeffiolent of copper on copper under athos;:horic
conditions exhibits a bifurcation phenomenon, is., two values could be ob-
tained with apparently identical conditions. Both branches were constant
over the load range (0.1 to 20 grams) used,

(2) When the specimens were thoroughly cleansd electrolytically a coef-
ficient of friction above 1.0 is usually obtained. The appearance of wear
tracks indicated that adhesion was the pﬂnoiptl machanisn,

(3) The initial friction coefficient betwesn solvents olesned copper speci-
mens is about 0.4, At this stage of the sliding process, no evidende of
adhesion wvas obsemblokfrom the wear track ‘mﬁ plastic defofmtion was
emm.mmmwmmmumemmmmmm.

(4) Plastic deformation should be considered as a significant mechanism

in sliding friction when adhesion is weak. Crude oalcuhtio@uod on the
total expended energy showed that the coefficient of friction botyee_n cop-
per specimens should be about 0.2, This value is lower than the experimental
© data, but it is of the right order of magnitude and could conccivable be im.
proved by moro refined calculation, ' 4

(5) Baeod on-plastic deformation mechanism, sliding triction coefficient '
is insenaitive to the rider material provided it is harder than the aubst.rat.o.
'.Exporimntal results using both copper and sluminum substrates showed that
such is the case, o

(6) Upon reboatod rubbing, if plastio deformation remsing the px;inoipel
Vuovéhania’rva. the friction coefficient may droﬁ slightly with time, However,
4t may _r_iige‘ﬁtiiuo to other mechanisms, This is substantiated by tho experi.
mental results with copper substrate. '

_TM ASRCN-63-51
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NOMENCLATURE

A True area of contact.

AL Area of contact of the g*h pair of asperities.

Eq Stored ensrgy in plastic deformation (per unit volume of material).

Ey Total exgended work in plastis deformation (per unit volume of
material

B, Total ideal expended work in plastic deformation (per unit volumo
of materials. .

F Friction force. '

h, Edge length of the displaced cone of the 1" pair of ssperities.

k ratio of shear stress of junction to that of tha}material.

Distance traveled in the deformation of asperities.

Pp Flow Stress.

s Shear Stress.

Vi Volume of plastically deformed material of the 1t pair of asperities.

vi Displaced volume due to plasties deformation of the 4th pair of
asperities,

v Load
True Strain,

- Coefficient of friction.
™ ASRCN.63-51
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TABLE j

SIMMARY OF SLIDING FRICTION DATA OF COPPER CLEANED WITH SOLVENTS ONLY

1OAD (gng)
0.1
0.2
0.5
1.0
2.0
5.0

.
10,0

$
20,0

X . Denotes fluctuation between 0,35 and 1,20,
*  Denotes the disk specimens were polished to <:%/1-1n..

/A/-lna :

INITIAL

0.45
0434
0.43
0.39
0.41
0635
0.4
-0436
0.37
0.43
0.40
0.38
0.45
0. hk
0.l
0.39
0.39
0.38
0.45

. ASFQN.53.51 |

2 Hin.

S Min,

0,38
X
X

0.95

0.9%
X

1.12

1.02

10 Min,

0.39
X

1,07
0.90
1,00
1,02
1.05
1,02

20 Min,

T

1,02
1.00

i

0.98

|

60 Min,

0.5
0,39
0.h5
0.42
0.36
0.39
0.“2
0.47
0,37
0.i8
1.06
X

0.96
0.98.

avenew
-

0.

&

L
L e d

no steady readings oould be obtained.
others wers sanded to 2.4




TABLE 2

SLIDING FRICTION OF COPPER CLEANED WITH
SOLVENTS ONLY WITH STEPWISE VARIABLE LOAD

10,0
5.

1.0
0.
0.
0.

- N\N

A

A48
oit3
R
39
&3
1.09
1.15%
1.15
1,04
«90
1.13
1.05
1.m
78
I

FRICTION COEFFICIENT

39

®  In Series D, a new rider was used after e-ch load

used in oach of the other series,

TM ASRCN.63.51

A3

change.

1,01
99
99

1.05
092
.86
77
39

One rider was




TABLE 3
' SLIDING FRICTION OF VARIOUS RIDERS ON COFPER

RIDER LOAD (gm) FRICTION COEFFICIENT -
" - Initial After 60 min,
M.10 Tool Steel s 0.32 0.38
o 10 ' O.51 03?7
: 20 0.36 02
Fused Quartsz , 5 : 0.32 0.86
o ' . 10 i 0.39 0,77
o - 20 0.3% 0.75
White Sapphire 4 s 0.26 0.2
20 0.28 0.b0
© TM ASRCN.63-51
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TABLE 4
SLIDING FRICTION ON ALUMINUM SUBSTRATE

RIDER LOAD (gn) FRICTION COEFFICIENT
¥.10 Tool Steel 0.2 0,58
Fused Quarts 0.2 0061
dhtte Samohir 10.0 -°‘27
ite ,Ipphire. 0.2 00 3
N 10.0 067
Copper = 00.2 0.7
R 10.0 0.69
TM ASRCN.63-51
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FIG. 5 TYPICAL RECORDING OF SLIDING
FRICTION OF GLEAN COPPER
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FIG. 7 TYPICAL RECORDING OF SLIDING
FRICTION OF COPPER CLEANED
WITH SOLVENTS ONLY

|.4¢
1.2k
Z
°c r ;
§ I.0F
1 d -
(VI
w 8F
S il
>
o 6
e
T
S i LOAD: 20 gm.
O
2F
L | L |
0 i 2

TIME (MIN.)

Y s fe =63~ 81 5/




INIATOS 40 NOILDIE4 ONIAITS 40 11NS3Y 1vOldAL G -

<Ol
At

'AvO ONIONVHD HLIM N3INWIDIdS dINVI1D

ol (swesg) avon o

10

M

G

advol ONISV3YO3Id X \
avol ONISV3IHONI O _

@)
X

©

©
(NOILDIM4 40 LN3IDI4430D) 77

o1

3z

7Y~ A5 Ker=(3=-5( AT




FIG 9 SLIDING FR!CT":I_ON BETWEEN M-IO
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FIG.I0O MODEL ASPERITY
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